In this paper, an investigation is made to study the boundary layer flow over a porous flat plate with diffusion of chemically reactive species undergoing first-order reaction and subject to suction or injection. In this analysis, the variable plate concentration is considered. Using similarity variable technique, the governing partial differential equations are transformed into a set of self-similar ordinary differential equations which are solved by shooting method. The study reveals that for the increase of suction at the plate both velocity and concentration boundary layer thicknesses decrease and for increasing injection both thicknesses increase. The concentration at a fixed point within the boundary layer decreases with increasing values of the Schmidt number, the reaction rate parameter and the power-law exponent. For a fixed point, with increase of reaction rate parameter the magnitude of concentration gradient initially increases and then after a point it decreases. The rate of solute transfer from the plate increases with reaction rate parameter and power-law exponent.
Introduction
The flow over a flat plate is a classical problem in fluid mechanics. A survey in the literature of boundary layer produces that the flow past a flat plate with uniform free stream is vastly studied. H. Blasius [1] first investigated the steady laminar boundary layer flow over a flat plate, using similarity variable he obtained the nonlinear third-order ordinary differential equation and finally solved it analytically. Few years later, Howarth [2] obtained the numerical solution of Blasius problem. Riley [3] discussed the flow of an electrically conducting fluid on a vertical plate in presence of strong magnetic field normal to the flow. The existence of a solution for flow past a flat plate was established by Abu-Sitta [4] . Watanabe and Pop [5] demonstrated the hall effect on MHD boundary layer flow over a continuous moving flat plate. The mixed convectional aspects of the flat plate flow were investigated by Afzal and Hussain [6] and Yao [7] . Some important characteristics of natural convection over a semi-infinite vertical plate in a porous medium was studied by Hsu and Cheng [8] . Mukhopadhyay and Layek [9] analyzed the radiation effects on forced convective flow and heat transfer over a porous plate in a porous medium. Wang [10] obtained an approximate solution of the classical Blasius equation using Adomian decomposition method (ADM). A numerical investigation of the classical Blasius flat plate problem was presented by Cortell [11] . Batallar [12] extended the Blasius problem by studying the effects of radiation on the boundary layer. Recently, Chowdhury [13] discussed the unsteady free convective flow of an electrically conducting viscoelastic fluid over an infinite non-conducting vertical plate in presence of transverse magnetic field.
The mass transfer analysis in boundary layer flow bears a great importance in extending the theory of separation processes and chemical kinetics. The diffusion of a chemically reactive species in a laminar boundary layer flow over a flat plate was discussed by Chambre and Young [14] . After that many researcher investigated the heat and mass transfer effects on the flow dynamics with and without chemical reaction. Gebhart and Pera [15] analysed the combined buoyancy effects of thermal and mass diffusion on vertical natural convection. The mass transfer effect on the flow past an impulsively started infinite vertical plate under several conditions were studied by Soundalgekar [16] , Soundalgekar et al. [17] , Das et al. [18] and Muthucumaraswamy and Ganesan [19, 20] . Andersson et al. [21] explained the diffusion of a chemically reactive species from a stretching sheet. Fan et al. [22] In the present paper, the effect of diffusion of chemically reactive species undergoing first-order chemical reaction on laminar boundary layer flow over a porous flat plate subject to suction or injection is investigated. In the analysis, the wall concentration is variable and the reaction rate is taken inversely proportional to the position along the plate. By using similarity transformation, self-similar set of equations are obtained and then solved numerically using well-known shooting method for the solution of boundary value problem (BVP). The numerical results are plotted and the variation of flow behaviour and solute transfer characteristics are thoroughly analysed.
Formulation of the Problem
Consider the steady two-dimensional flow of a viscous incompressible fluid and mass diffusion with first-order chemical reaction over a porous flat plate with suction or injection. Using boundary layer approximation, the equations for the flow and the concentration distribution may be written in usual notation as ∂u ∂x
where u and v are velocity components in x-and y-directions respectively, υ (= µ/ρ) is the kinematic viscosity of fluid, ρ is the density of fluid, µ is the coefficient of fluid viscosity, C is the concentration, D is the diffusion coefficient, C ∞ is concentration in the free stream. R(x) is the variable reaction rate of the solute and is given by R(x) = LR 0 /x, L is the reference length and R 0 is a constant.
The appropriate boundary conditions for the velocity components and the concentration are given by:
where U ∞ is the free stream velocity, C w is the variable plate concentration with C 0 > 0 is a constant, n is a power-law exponent signifies the change of amount of solute in the x-direction and v w is variable suction or injection through the porous plate and is given by v w = v 0 /(x) 1/2 , v 0 is a constant with v 0 < 0 for suction and v 0 > 0 for injection.
The stream function ψ(x, y) can be introduced as:
Using relation (6), the equation (1) is satisfied identically and the equations (2) and (3) become: ∂ψ ∂y
∂ψ ∂y
The boundary conditions in (4) for the flow reduce to:
The dimensionless variables for ψ and C can be introduced: (10) where the similarity variable η is defined as η = y(U ∞ /υx) 1/2 . In view of relations in (10) we finally obtain the selfsimilar equations in the following form:
where Sc = υ/D is the Schmidt number and β = LR 0 /U ∞ is the reaction rate parameter. The boundary conditions (9) and (5) finally become:
where
is the suction or injection parameter. S > 0 (i.e. v 0 < 0) corresponds to suction and S < 0 (i.e. v 0 > 0) corresponds to injection.
Numerical Method for Solution
The nonlinear coupled differential equations (11) and (12) along with the boundary conditions form a BVP and is solved using shooting method, by converting it into an initial value problem (IVP). In this method we have to choose a suitable finite value of η → ∞, say η ∞ . We set following first-order system:
with the boundary conditions:
To solve (15) and (16) with (17) as an IVP we must need values for q(0) i.e. f (0) and z(0) i.e. φ (0) but no such values are given in the boundary conditions. The initial guess values for f (0) and φ (0) are chosen and applying fourth order Runge-Kutta method a solution is obtained. Then we compare the calculated values of f (η) and φ(η) at η ∞ (= 20) with the given boundary conditions f (η ∞ ) = 1 and φ(η ∞ ) = 0 and adjust the values of f (0) and φ (0) using Secant method to give better approximation for the solution. The step-size is taken as ∆η = 0.01. The process is repeated until we get the results correct up to the desired accuracy of 10 −6 level.
Results and Discussion
The numerical computations is carried out for several values of parameters involved in the equations viz. the suction or injection parameter (S ), the Schmidt number (Sc), the reaction rate parameter (β) and the power-law exponent (n). The computed results are explained by plotting some figures and corresponding physical reasoning are also given.
At first, for the confirmation of the accuracy of applied numerical method we compare our obtained results corresponding to the velocity profile for S = 0 (i.e. in absence of suction or injection) with the given result of Howarth [2] in Figure 1 and have found in excellent agreement. In the flow over a porous plate, the effects of externally applied suction or injection on velocity and concentration profiles are very important. The dimensionless velocity and concentration profiles are depicted in Figures 2 and 3 respectively for various values of the suction or injection parameter S . For the increase of applied suction, the value of the velocity profile f (η) at a fixed η increases and the concentration profile φ(η) decreases, it is due to the fact that the momentum as well as concentration boundary layer thicknesses decrease with suction. On the other hand, reverse scenario is observed for external injection case, that is, with increasing injection, the value of the velocity decreases and the concentration increases because due to the injection both boundary layer thicknesses increase.
We now concentrate our attention on the effect of the Schmidt number Sc on the reactive solute distribution. Figure 4 Figure 5 . It is observed from the figure that the magnitude of the concentration gradient initially increases with Sc, but for greater values of η it decreases with Sc. The effects of reaction rate parameter β on the concentration profiles and concentration gradient profiles are presented by the Figures 6 and 7 . From the Figure 6 , we observed that the value of the solute profile at a fixed point decreases with increasing values of β. Thus the chemical reaction enhances the mass transfer. On the other hand, concentration gradient profiles exhibits different behaviour before and after a critical point. Before η ≈ 2.451 the magnitude of concentration gradient profile increases and after that point it decreases. Furtherover, for small values of β the magnitude of gradient curves at first increases for small η and for greater values of η it starts to decrease and finally approaches to zero. But, for large values of reaction rate parameter β, those curves decrease throughout and goes to zero.
In Figures 8 and 9 , the variations of concentration rate of mass transfer from the plate enhances for increments of both β and n. It is very useful when the solute diffusion is given prime importance, i.e., in many processes in chemical engineering.
Conclusion
The objective of this investigation is to analyse the boundary layer flow over a porous flat plate with diffusion of chemically reactive species undergoing firstorder reaction and subject to suction/injection. In this analysis the plate concentration is taken variable. From the study these following points can be concluded.
• Due to increasing suction both velocity and concentration boundary layer thicknesses decrease, while for injection both increase.
• The increasing values of Schmidt number and the reaction rate parameter decreases the concentration at point.
• Most importantly, the increase of plate concentration enhances the rate of mass transfer from the plate. 
